This paper describes the design and characterization of a unique three-way hot gas servovalve designed for the flow control of steam at 235°C. The valve incorporates a pressurebalanced rotary spool coupled to a servomotor/gearbox/encoder combination to achieve high-bandwidth and high-precision operation, and also incorporates several design elements in order to accommodate the high temperatures associated with the working fluid. The spool and sleeve entail geometries of low aspect ratio and are mechanically isolated from the manifold with Viton O-rings to ensure uniform thermal expansion and contraction. To thermally isolate the DC motor, a PEEK motor mount is used to connect the motor housing with the valve manifold. Additionally, the motor shaft is coupled to the spool with an Oldham coupling that incorporates a PEEK center disk to further insulate the motor from the high temperature spool. The design is presented, along with experimental data that characterizes the dynamic performance and flow characteristics of the valve.
INTRODUCTION
Just as electrically-powered servo systems utilize power transistors to provide high-bandwidth real-time control of electrical power, so does a fluid-powered system utilize servovalves to provide high-bandwidth real-time control of fluid power.
Specifically, a servovalve is designed to proportionally throttle a fluid flow, thus imposing a desired pressure drop across, or flow rate through, the valve (depending on the boundary conditions).
Typically, servovalves are used in a three-way or four-way configuration. A three-way configuration incorporates two inlet ports and one outlet (or vice-versa), and connects either one inlet or the other to the outlet with a controllable orifice area. A four-way configuration, which is the most common for fluid-powered servo control applications, has two inlet ports and two outlet ports, and connects either inlet with either outlet with controllable orifice area, while also connecting the other inlet/outlet pair with the same area. Figures 1 and 2 illustrate the use of three and four-way servovalves for the control of a pneumatic servoactuator. Note that, while control via single four-way servovalve is typical, the configuration utilizing a pair of three-way valves can offer a greater degree of control flexibility, as described in [1, 2] . Many servovalves exist and are commercially available. The design evolution of such valves, however, has led to embodiments that are almost entirely translational in nature (i.e., flow is control via spool translation). Such designs are particularly well suited to pilot operated designs, which incorporate a low-powered electrically powered actuator to manipulate a high-pressure fluid stream, which in turn provides the actuation power for the control of spool motion. For lowerpower applications, however, such as pneumatic systems, direct acting servovalves provide a more compact and often higherbandwidth solution than pilot-operated servovalves. Direct acting valves, however, are much better suited to rotary rather than translational motion.
Specifically, electromagnetic actuators generally produce power in a high-speed, low-torque regime, relative to that required for the spool motion in a servovalve, suggesting the incorporation of a transmission. Unlike the use of a gearhead on rotary actuators, linear actuators do not lend themselves to the use of compact transmissions. Additionally, direct acting servovalves require motion sensors for the implementation feedback control, which (also unlike linear actuators) are easily integrated into rotary actuation packages. With the advantages of rotary actuation as a primary motivation, this paper describes the design of a direct-acting high-bandwidth proportional rotary servovalves in three and four-way configurations.
DESCRIPTION OF THREE-WAY DESIGN
As previously mentioned, a three-way servovalve configuration has two inlet ports and one outlet (or vice-versa), and connects either one inlet or the other to the outlet with a controllable orifice area. The three-way rotary servovalve is shown in Fig.  3 . As shown in the figure, the valve consists of a manifold, sleeve, and spool. The sleeve is pressed into the manifold with a series of o-rings, that isolate respective flow paths. The flow paths are formed by radial grooves in the sleeve that allow the gas to flow around it and through two holes on opposite sides of the sleeve. These two holes allow the pressure from the gas to be applied equally to both sides of the spool, so that the spool operates in a pressure-balanced environment. Pressure balancing minimizes friction and creates an air bearing effect. The spool has two holes 90 degrees apart that connect to an exhaust port that runs axially along the spool and out to atmospheric pressure. These holes are aligned such that they line up either with the port A flow path or the port B flow path, depending on the orientation of spool. The spool is actuated rotationally via a DC servomotor, which positions the spool to align with desired inlet port.
Figures 3 through 5 show the three basic flow paths provided by the three-way spool valve. In Fig. 3 , port A is fully exhausted to atmosphere while port B is fully blocked. In Fig.  4 , where the spool is rotated 90 degrees from the orientation shown in Fig. 3 , port B is fully exhausted to atmosphere while port A is blocked. Finally in Fig. 5 , the spool is rotated halfway in between the two prior figures (i.e., 45 degrees from each), and both ports are blocked. Since the spool is positioned by a servomotor, the valve can assume any position between these distinct flow paths, thus proportionally exhausting either port A or B. 
DESCRIPTION OF FOUR-WAY DESIGN
A four-way configuration has two inlet ports and two outlet ports, and connects either inlet with either outlet with controllable orifice area, and connects the other inlet/outlet pair with the same area. In the figures shown, the four-way version of this valve alternately connects chamber A to a supply port and connects chamber B to an exhaust port (both with the same area), or vice-versa. The proposed four-way rotary servovalve is shown in Fig. 6 . As shown in the figure, like the three-way valve, the valve consists of a manifold, sleeve, and spool. The sleeve is pressed into the manifold with a series of o-rings, that isolate respective flow paths. Like the three-way design, the flow paths are formed by radial grooves in the sleeve that allow the gas to flow around it and through holes in the sleeve. The pressure and exhaust grooves have 4 equally spaced holes and the chamber A and B grooves have 2 opposing holes each. These holes allow the pressure from the gas to be applied equally to both sides of the spool, providing pressure balancing. The spool has two sets of opposing slots cut into the sides, which connect chambers A and B alternately with supply and exhaust. The first set of slots, which are shown the exploded view of the spool and sleeve in Fig. 7 , span from the exhaust port to either ports A or B, depending on the rotational orientation of the spool. The second set of slots are located 90 degrees from the first set and span from the supply port to either ports A or B, depending on the rotational orientation of the spool. The spool is actuated rotationally via a DC servomotor, which controls the rotational orientation of the spool.
Figures 6 through 11 show the three basic flow paths provided by the four-way spool valve. In Figs. 6 and 7, port A is fully connect with the supply port, while port B is fully exhausted to atmosphere. In Figs. 8 and 9 , where the spool is rotated 90 degrees from the orientation shown in Figs. 6 and 7, port B is fully connect with the supply port, while port A is fully exhausted to atmosphere. Finally in Figs. 10 and 11, the spool is rotated halfway in between the two other flow paths (i.e., 45 degrees from each), and all ports are blocked. Since the spool is positioned by a servomotor, the valve can assume any position between these distinct flow paths, thus proportionally connect supply to port A and exhaust to port B (with the same effective area), or vice-versa. 
THREE-WAY HOT GAS ROTARY VALVE PROTOTYPE
The previously described three-way direct-acting rotary servovalve was fabricated in order to characterize the valve performance. Additionally, the specific target application for the servovalve required that it control the flow of a gas at a temperature of 232 C (450 F). Since standard servomotors are rated for a maximum operational temperature of approximately 85 C (185 F), the high gas temperature requires that the motor be thermally isolated from the valve spool and manifold. Additionally, since the valve spool and sleeve are a high tolerance fit, both were designed from the same material, both were designed to have low residual stresses from fabrication. Further, the o-rings shown in Fig. 3 provided mechanical isolation of the spool/sleeve pair from the remainder of the valve body, thus avoiding thermally induced interference.
A solid model of the three-way valve is shown in Fig. 12 , an exploded view of the same is shown in Fig. 13 , and a sectional view shown in Fig. 14. The spool is 4.7 mm in diameter and 20 mm long. Both the spool and sleeve are fabricated from 440 stainless steel, which was subsequently hardened and ground and polished to achieve an approximately 2.5 micron diametral clearance. The thermal isolation required to handle the hot gas flow is provided by two pieces fabricated from polyetherether-ketone (PEEK), which can sustain operating temperatures in excess of the required gas temperatures and provides an extremely low thermal conductivity. One of the two pieces provides thermal standoff from the manifold, while the other consists of the bearing element in an Oldham coupling. THREE-WAY HOT GAS ROTARY VALVE CHARACTERIZATION Figure 15 shows a photograph of the hot gas spool valve prototype. The prototype was tested to pressures of 2 Mpa (300 psi) with both cold gas (nitrogen) and 70% hydrogen peroxide reaction products (232 C or 450 F). The 
CONCLUSIONS
This paper described designs for a direct-acting rotary threeway and four-way spool valve. The principal advantage of rotary valves, such as those described, over linearly translating spool types, is that the valves can be direct actuated using a rotary servomotor. Such motors have significant sensing advantages relative to linear actuators (since encoders and tachometers can easily be integrated into the motor package), and have significant advantages in delivering torque, since a gearhead can be similarly integrated directly into the motor package. The paper describes the design of a hot gas threeway spool valve prototype, and provides experimental data that characterizes the valve's flow coefficient and tracking bandwidth.
